binds with high affinity to RNA stem loops in target forms of NifS that localize either to mitochondria or transcripts known as iron-responsive elements (IREs), to the cytosol and nucleus are synthesized from a decreasing the translation rates of some transcripts single transcript through initiation at alternative insuch as ferritin or the turnover rates of other transcripts frame AUGs, and initiation site selection varies acsuch as the transferrin receptor (reviewed in Hentze and cording to the pH of the medium or cytosol. Thus, a Kuhn, 1996; Rouault and Klausner, 1996b). Thus, to fully novel form of translational regulation permits rapid understand the regulation of IRP1, it is important to redistribution of NifS proteins into different compartunderstand the mechanisms of assembly and disassemments of the cell in response to changes in metabolic bly of iron-sulfur clusters.
could encode differentially targeted proteins. Because the predicted product of translation initiating at the second in-frame AUG aligned well with the bacterial form, we considered the possibility that recombinant NifS in the cytosol and nucleus was the product of initiation from AUG2. Accordingly, a second construct in which the sequence 5Ј of the second AUG codon was removed was also used to transfect COS cells, and in these transfections, NifS protein could be detected predominantly in the cytosol and nucleus ( Figure 2C ).
Metabolic Labeling Confirms that Translation Is Initiated at Three In-Frame AUGs within a Single nifs Transcript
The predominant expression product in COS cells transfected with the full-length cDNA was a 47 kDa protein, but in addition, a 44 kDa protein was identified by immu- Figure 3B , appearance of a band larger than 49 tal to the second AUG codon in the sequence was identikDa and a band smaller than 44 kDa may be due to fied (Figure 1) . coassembly with other iron-sulfur cluster assembly proteins.
Overexpression of NifS Demonstrates that a Single
To unequivocally verify that NifS proteins identified in Transcript of Human nifs Can Encode COS cell overexpression experiments were the products Mitochondrial and Cytosolic/Nuclear of initiation at different AUG codons in transfected COS Forms of Protein cells, mutagenesis experiments were performed in which Since iron-sulfur clusters are present in proteins in each of the first two in-frame AUG codons in the fullmammalian mitochondria, including citric acid cycle length transcript was individually replaced with a UUG proteins and respiratory proteins, and in the mammalian codon, and recombinant NifS proteins derived from cytosol where IRP1 is found, enzymes involved in the these constructs were identified by immunoprecipitaassembly of iron-sulfur clusters are expected in at least tion. Substitution of the first AUG codon by a UUG codon two distinct subcellular locations. Accordingly, we exresulted in a 10-fold decrease in expression of the 47 amined the expression and localization by immunofluokDa protein, but translation from the second AUG was rescence microscopy of NifS in COS cells transfected doubled ( Figure 3D transcription start site contained a sequence in which 5 of 6 nucleotides were T's or A's, consistent with the A genomic fragment that contained the 5Ј end of the nifs transcript was cloned, and mapping of intron-exon possibility that this region was a TATA-like element of the promoter. Primer extension and S1 analysis were boundaries revealed that an intron was present 5Ј of the second AUG codon, but no other intron-exon boundunsuccessful in identifying the cap site, possibly because the 5Ј end of the transcript could not be quantitaaries were detectable further 5Ј within the transcript (Figure 1) . The 5Ј cap site was identified unequivocally tively unfolded in these experiments. Human nifs mRNA is predominantly found in heart through use of the CapFinder, a technique in which the 5Ј primer for PCR is designed to bind to 7-methyl and skeletal muscle, and lower mRNA levels are present in brain, liver, and pancreas ( Figure 4C ). guanosine caps. Although several different clones obtained with the CapFinder contained guanosine nucleotides at their 5Ј end, the true endogenous cap site could To determine whether the differing ratios in long to cell carcinoma cells (data not shown), showing that the relative utilization of the in-frame AUGs differed in these short forms were attributable to differences in the rate of synthesis, metabolic labeling studies and immunopretwo distinct renal carcinoma cell types. Repeated determinations of the ratios of newly syncipitations were performed in cell lines. In K562 cells, the distribution between mitochondrial and cytosolic/ thesized forms of NifS in K562 cells showed considerable variation depending on cell culture conditions, indinuclear forms was equal ( Figure 5B, lane 1) , and the rates of synthesis of the products of initiation at AUGs cating that individual cells may vary AUG utilization in accordance with changes in metabolic status. The bio-1 and 2, identified by comigration of these proteins with overexpressed proteins on SDS-PAGE gel, were also synthetic ratios of forms of NifS proteins from K562 cells grown in media with different pH were compared, and equal. (Figure 5C ). The characteristic product of initiation at AUG3 was also detected below the AUG2 prodlowering the pH over the physiological range 7.3-6.8 caused a decrease in the amount of cytosolic/nuclear uct, and utilization of AUGs 2 and 3 to initiate translation To confirm that intracellular pH can regulate the relative utilization of in-frame AUGs of the nifs transcript, K562 cells were treated with ethylisopropylamiloride (EIPA), a specific inhibitor of the Na ϩ /H ϩ exchanger that regulates intracellular pH (Ingber et al., 1990) . When K562 cells were treated with 40 M of EIPA for 24 hr, the biosynthetic ratio of long/short NifS proteins increased to 4:1 (data not shown), showing that the differential utilization of the in-frame AUGs can be induced by changes in intracellular pH without changes in the pH of the media.
Characterization of Endogenous NifS Proteins
To characterize the time-course required for pH regulation of AUG utilization in nifs, K562 cells were grown at pH 6.8 for 24 hr, and after a switch to growth in media at pH 7.4, cells were harvested at several time points to evaluate the time course over which the change in AUG utilization occurs. Increase in the pH of the medium to 7.4 caused a gradual decrease of synthesis of the mitochondrial form over the 6 hr time course (Figure 6B ), along with a compensatory increase in the cytosolic/ nuclear forms. Equal amounts of labeled proteins were used in immunoprecipitation, and quantitation of the NifS proteins showed that the total amounts of the labeled long plus short NifS proteins remain constant, indicating that the increase in pH resulted in the coordinate decrease of translational initiation from the first AUG and increase from the downstream AUGs. At pH 6.8, the processing of the mitochondrial NifS protein was inhibited ( Figure 6B, lane 1) , consistent with the observation that mitochondrial protein import depends on maintenance of a proton gradient across the mitochondrial membrane (Huckriede et al., 1996) . sion, and Southern analysis shows no evidence for a the pH of the medium was 7.3, whereas the proportion of second gene. Pulse-chase studies verify that initiation the long, mitochondrial NifS protein gradually increased, occurs at several in-frame AUGs, and targeting to mitoand the proportion of the short, cytosolic/nuclear NifS chondria occurs only in NifS that is the product of initiaprotein simultaneously decreased when the medium pH tion at AUG1. NifS that results from initiation at AUG2 was lowered ( Figure 6A ). The overall rate of translation or 3 localizes to the nucleus or cytosol, and the factors dropped 30% at pH 6.8 as judged by total counts incorthat determine the distribution between these compartporated, and the decrease in total NifS synthesis was proportional.
Compartments of the Cell Is Accomplished
ments are not yet known. 
In-Frame AUGs that Encode Different Forms human nifS expression, the endogenous ratio of proteins derived from initiation at AUG1 versus initiation at AUGs of Proteins in Other Systems
In recent years, single transcripts that utilize in-frame 2 and 3 is 1:1 at neutral pH in several cell lines, whereas the ratio of overexpressed NifS proteins in COS cells is AUGs to encode proteins that differ in localization or function have been described. Several directly analo-20:1 ( Figure 6B ), and utilization of AUG1 is similarly high in RD4 cells transfected with the recombinant full-length gous examples have been described for the yeast tRNA processing enzyme genes cca1, mod5, and trm1. Similar transcript (data not shown). This difference in AUG utilization is not consistent with a simple scanning mechato the human nifs gene, these genes have been shown to use two in-frame AUGs for synthesizing proteins for nism in which the initiation efficiency of translation depends solely on the nucleotide sequence surrounding mitochondrial and nuclear/cytosolic compartments (Martin and Hopper, 1994), although the mechanism responthe AUG codon, because marked differences in AUG utilization in experimental settings and cell types would sible for producing more than one protein from a single gene differs among these genes. Both cca1 and mod5 require another variable. A less common mechanism for translational initiation are thought to encode proteins from different in-frame AUGs contained within full-length transcripts, but many described in several viral transcripts involves cap-independent initiation from sites known as internal ribosome of the transcripts do not contain the first AUG, so that both transcriptional variation and alternative translaentry sites (Jackson et al., 1990). Evaluation of this possibility using an artificial bicistronic construct containing tional initiation may be important. In trm1, different 5Ј ends have been identified, and AUG selection appears the EMCV IRES did not support this idea since substitution of the human nifs 5Ј sequence into the IRES site to be determined mainly by alternative splicing (Martin and Hopper, 1994) . 
tency of regulation because it may enable cells to syn-
The cell homogenates were centrifuged at 600 ϫ g for 10 min at 4ЊC.
chronize changes in distinct metabolic compartments
The pellets were washed, extracted with salt (final KCl concentration with precision and economy.
≈300 mM), and centrifuged at 15,000 ϫ g for 30 min at 4ЊC, and the supernatants were named nuclear fractions. The supernatants from Experimental Procedures the first centrifugation were centrifuged at 7000 ϫ g for 9 min at 4ЊC. The pellets were lysed with Triton X-100 lysis buffer and named Cloning of Human nifs Homolog mitochondrial fraction, and the supernatants were named cytosolic A clone containing sequence similar to bacterial nifs was obtained fraction. from human expressed sequence tag (EST) database. The clone was sequenced, and the missing 5Ј sequence was cloned by 5Ј Immunofluorescence RACE and CapFinder techniques (Clontech) using human heart poly Transfected COS cells were fixed in 2% paraformaldehyde at room A ϩ RNA (Clontech). The complete nifs cDNA was cloned into Bluetemperature for 20 min, permeabilized with methanol for 2 min, script vector pSKϩ (Stratagene) and was sequenced. A human gestained with 9E10 (1 g/ml), mounted, and photographed by immunomic DNA library was screened using the human nifs cDNA correnofluorescence and phase contrast microscopy as described (Humsponding to the entire open reading frame as a probe. DNAs phrey et al., 1993). hybridized to probe were subcloned to pSKϩ and were sequenced.
In Vitro Translation Northern Blot and Southern Blot Analysis
pSK-nifs constructs under the control of T3 promoter were in vitro Poly A ϩ RNA from human heart (Clontech), K562, and COS cells translated using the TnT Coupled Reticulocyte System (Promega). was separated on a 1.5% agarose-formaldehyde gel, transferred to GeneScreen, and hybridized to human nifs exon III probe. Human genomic DNA was digested with the indicated restriction enzymes Acknowledgments and separated on a 0.8% agarose gel.
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